INTRODUCTION
atom of molecular oxygen is used to hydroxylate the substrate and the other to produce water (6) .
P450s additionally catalyze a myriad of other reactions, including epoxidations, oxidative rearrangements, and oxidative coupling reactions (7) (8) (9) (10) (11) .
Chloroeremomycin and balhimycin, which are members of the vancomycin family of glycopeptide antibiotics, possess a rigidified peptidyl backbone in which the aromatic residues are linked via P450-dependent biphenyl and biphenyl ether connections (12, 13) . Knockout experiments with the P450 genes oxyA, oxyB, and oxyC in Amycolatopsis orientalis demonstrated that P450s catalyze the cross-linking steps in balhimycin biosynthesis (14, 15) .
Thus, OxyA and OxyB catalyze C-O-C coupling reactions and OxyC is involved in C-C coupling. Schlichting and her associates (16, 17) have determined the high-resolution X-ray structures of OxyB and OxyC, which provide templates with which to characterize these oxidative coupling reactions.
CYP158A2 from S. coelicolor A3(2) has also been implicated in phenol oxidative coupling (18) , generating red-brown pigments in actinomycetes. The gene encoding this P450
(sco1207) is located in the three-gene operon sco1206-sco1208 that also contains the type III polyketide synthase (PKS) 1,3,6,8-tetrahydroxynaphthalene synthase (THNS) (19, 20) and a gene of unknown function designated open reading frame 3. This three-gene operon is highly conserved and present in many Streptomyces species (18) . Homodimeric type III PKSs are involved in biosynthetic pathways in bacteria for the assembly of small aromatic metabolites (19, 21, 22) . Bacterial aromatic polyketides represent a large group of biologically active natural products, whose potency is often dictated by tailoring enzymes such as oxygenases, methyltransferases and glycosyltransferases. P450s are often associated with polyketide biosynthetic gene clusters where they catalyze late-stage stereo-and regiospecific oxidations. In the S. coelicolor operon containing CYP158A2, the 5'-gene rppA (sco1206), whose stop codon overlaps the start codon of CYP158A2 (sco1207), encodes THNS. This type III PKS catalyzes the sequential conversion of five molecules of malonyl-CoA to 1,3,6,8-tetrahydroxynaphthalene (THN), which then undergoes spontaneous oxidation to flaviolin (19, 20) .
In the present study, we focused on the catalytic activity of CYP158A2 and demonstrated that CYP158A2 catalyzes the oxidative coupling of two or three THN-based flaviolin molecules, involving C-C coupling. To explore the molecular basis of this catalytic reaction, we have determined the crystal structures of CYP158A2 in the absence and presence of the substrate flaviolin, which provides the molecular basis for P450-catalyzed oxidative coupling reactions.
EXPERIMENTAL PROCEDURES

Expression and Purification of CYP158A2-The gene encoding S. coelicolor
A3(2) CYP158A2, engineered with four histidine codons at the C-terminus, was subcloned into the Escherichia coli expression vector pET17b (Novagen, Madison, WI) using the NdeI and HindIII sites (5) . Recombinant proteins were expressed in E. coli HMS174 (DE3). Transformed E. coli was grown at 37 ˚C in 3 liters of Terrific Broth containing 100 µg/ml ampicillin until the optical density at 600 nm reached 0.8. After induction with 0.5 mM isopropyl-β-Dthiogalactopyranoside and addition of δ-aminolevulinic acid to a final concentration of 1 mM for heme synthesis, growth was allowed to continue for an additional 24 h at 24 ˚C and the cells were harvested by centrifugation for 10 min at 4,000 rpm. The pellet was resuspended in 100 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, containing 500 mM NaCl, 0.5 mM EDTA, and 10%
(v/v) glycerol). The soluble CYP158A2 were purified by Ni (DE3)pLysS/pHIS8-THNS as previously described (19) or organic synthesis from 3,5-dimethoxybenzoic acid following established protocols (24, 25) . Following incubation of this mixture for 5 min on ice, the reconstituted enzyme solution was placed in a shaking bath at 37
˚C. The reaction was started by the addition of NADPH to a final concentration of 5 mM and was conducted for 2 h in a 1.5-ml tube, at which time the reaction was quenched with 4 µl of concentrated HCl and extracted three times with 400 µl of ethyl acetate. The extracts were dried under a stream of N 2 , the residues were dissolved in 50 µl of methanol, and 20 µl of extract was injected onto an HPLC/MS system for analysis. UV detection was at 254 nm. Negative control incubations (minus CYP158A2) were carried out as above. spectra were recorded on a Bruker DPX 500 AVANCE spectrometer operating at a proton frequency of 500. processed and scaled with the HKL package programs HKL2000 (26) . The substrate-free structure was solved by molecular replacement using the program CNS1.1 (27) and the inhibitorbound CYP158A2 structure as a search model. The initial model was built in O (28) and refinement was performed using CNS1.1 (27) . There were two molecules of CYP158A2 in the asymmetric unit, resulting in a solvent content of 47.5%. complex structure was also solved by molecular replacement using the program CNS1.1 (27) and the inhibitor-bound CYP158A2 structure as a search model. Refinement was performed using CNS1.1 (27) and CNS parameter and topology files were generated by PRODRG (29) . Final refinement statistics for both crystal structures are given in Table I . The coordinates and associated structure factors have been deposited with the Protein Data Bank (accession code:
Large-scale Incubations-For
substrate-free: 1SE6; substrate-bound: 1T93). The inhibitor-bound CYP158A2 structure used as search model for both structures presented here was produced by crystallization in the presence of 4-phenylimidazole that binds to the heme iron. This structure is refined to 1.5 Å (accession code: 1S1F) and since it is not directly relevant to the CYP158A2 function of oxidative coupling of flaviolin is not presented herein, but will be published elsewhere (B. Zhao, unpublished data)
RESULTS
An Endogenous Function and Probable Biological Role of CYP158A2-
Titration shows that CYP158A2 binds flaviolin (K d =7.3 µM), producing a typical type I P450
binding spectrum (Fig. 1 ) and demonstrating that this potential substrate can enter the active site.
The Hill coefficient was 1.6 ± 0. suggesting that P1 is a non-symmetrical flaviolin C-C dimer (Fig. 3A, 3C ). Analysis of the 1 H- (Fig. 3E ).
On the other hand, P2 was clearly a symmetric structure as judged by its 3B, 3D), which showed two doublets at δ 6. CYP158A2/Substrate-Free Crystal Structure-The global features of the substrate-free structure (Fig. 4A) , determined by X-ray crystallography, show a more "open"
conformation with respect to many other P450 structures (32, 33) . This "open state"
conformation should allow the substrate access to the active site of the enzyme (34) . In the case of the substrate-free structure (1.75 Å), the F/G helices are rotated out of the active site so that the cleft reflects a gap between the F helix and β-sheet 4. Additionally, owing to the absence of substrate, the substrate access pocket is filled with water molecules. The water molecule coordinating the heme iron at the sixth position is present with an Fe-H 2 O bond distance of 2.38 Å.
CYP158A2/Flaviolin Complex Crystal Structure-Examination of the general
protein fold for the structure of the substrate-complex indicates that the substrate access channel closes with respect to the substrate-free structure (Fig. 4B) . The root mean square difference of superposition for the C α atoms upon binding of flaviolin to CYP158A2 as compared to the substrate-free structure is 0.93 Å (Fig. 5) , which implies significant conformational change.
Overall, the largest conformational changes occur in the regions R14-P22, L44-W50, G70-P98 F388-G396 are located on the distal surface of the protein. The most significant change occurs in the F/G region (G162-D213), and the largest movement of F/G loop residues is at S182 and H183, where the C α atoms are displaced 15-16 Å when substrate is bound (Fig. 5 ). In the flaviolin complex, the F helix slides toward the loop between F/G helices and rotates into the active site, and the adjacent G helix is disrupted into two helices, an alpha helix (G) and a 3 10 helix (G'), accompanied by the complementary movement of this G helix region. The 3 10 G'
helix is not present in the substrate-free structure. The residues in the BC loop dip into the active site to contact the substrate. In addition, there are 1-2 Å changes in residues R14-P22, the loop between strands β5-1 and β1-3 as well as in the β-4 loop with respect to the substrate-free structure. The conformational changes, which are largely confined to the distal surface loops of the protein, contribute to the closure of the substrate access channel and appear to be responsible for substrate orientation. In addition, one significant structural change of the C helix on the proximal surface is observed. This region around the C helix appears to be moved toward the proximal surface, which in several P450s is reported to have an important role in docking the redox partner and in electron transfer (36) . The other two regions undergoing significant conformational changes, E231-T247 and H287-R295, are in the structural core of CYP158A2.
An intriguing result from this structure is that there are two molecules of flaviolin present in the active site, according to electron density, exhibiting planar shaped density for the π-electron system of the naphthaquinone ring ( In the CYP158A2 structure with two flaviolin molecules, the positions of amino acid side chains and ordered waters in the active site are optimized. To accommodate two flaviolin molecules, the amide nitrogen of A245 is rotated toward the heme pocket providing hydrogen bonds to WAT503 that is also hydrogen bonded to the carbonyl oxygen of I241 and WAT640 which hydrogen bonds with 7'-OH and WAT505, which extends a hydrogen bond to 5-OH. WAT600 hydrogen bonds with 7'-OH and the carbonyl oxygen of L238. This hydrogen bonding network leads to bending of the N-terminal portion of the I-helix toward the active site, which seems to stabilize water molecules. The flaviolin-bound structure exhibits conformational changes with respect to the substrate-free form, which reflect both the hydration and the size of the substrate.
Hydrogen bonding interactions between 2-OH (2'-OH) and carbonyls in two flaviolin molecules with R71, L293 and R288, and the 5-OH (5'-OH) and 7-OH (7'-OH) in flaviolin molecules appear to play an important role in formation of the water cluster seen in the substrate binding cavity of the flaviolin-complex (Fig. 7) . Based on these observations, the critical role of the 2-OH (2'-OH) might be for anchoring to the enzyme and the 5-OH (5'-OH) and/or 7-OH (7'-OH) may be responsible for proton delivery, as has been suggested for P450 eryF (43) , or stabilization of water molecules needed for cleavage of dioxygen. Absence of one or both of these two hydroxyl groups may prevent metabolism or decrease the turnover rate, which suggests enzyme selectivity for the specific substrate. The role of ordered networks of water molecules in the binding of hydroxyl and carbonyl moieties of flaviolin suggests the importance of such networks in the binding of polar substrates and in stabilizing the significant conformational changes after they have occurred.
In addition, the crystal structure indicates that CYP158A2 may also have the capacity to bind a larger substrate, because CYP158A2 has a relatively large active site (495 Å 3 ) and there is a large movement of the F/G region. One of the four products (Fig. 2) is a flaviolin trimer. This result might imply that flaviolin dimer and single flaviolin can bind to the active site pocket at the same time, which presumably is the case for trimer formation.
The general P450 catalytic cycle (44) is a multistep pathway and can be described as (45), and the coupling of resonance-stabilized diradicals has been proposed as a mechanism. The flaviolin atom closest to the P450 iron atom in the crystal structure is C6 (Fig. 6 ), but the products we characterized are 3,3´-and 3,8´-dimers (Fig. 3) .
A mechanism can be proposed that involves initial oxidation of the proximal flaviolin molecule by hydrogen atom abstraction near the iron in the crystal structure (Fig. 8) . The initial abstraction is postulated to occur from the (phenolic) OH, which is located 5.3 Å from the iron in the structure. The C6 atom is located 4.6 Å away, slightly closer, but the localization of a radical or a cationic charge there (i.e., with an Fe-O-C6 complex) leads to localization of the positive charge or radical density at C7, C6, C10, and C2 but not a C3 or C8. The mechanism shown has radical localization at C3 and C8 (and also C6 and C1), which may also explain that the multiple products were formed during the reaction.
An alternate mechanism can be proposed with an initial ipso attack at the C5 atom (46), which yields a covalent intermediate having a positive charge at C3 (Fig. 9) . In this mechanism, this electronegative center would react with the double bond of the adjacent flaviolin molecule.
A requirement of the diradical mechanism proposed in Fig. 8 is that the proximal flaviolin radical either exchanges position with the distal flaviolin molecule in the active site, so that both flaviolins form radicals, or undergo an abstraction process within the active site.
Alternatively, radicals could leave the P450 and react to form dimers in solution outside of the P450. The products would reflect the stability and reactivity of individual radicals rather than steric influences of the P450 active site. At this point we cannot exclude any of the possible mechanisms discussed here.
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In conclusion, we report the first endogenous substrate firmly identified in the eighteen P450s from S. coelicolor. CYP158A2 can polymerize flaviolin to red-brown pigments, which may afford physical protection to the organism, possibly against the deleterious effects of UV radiation to which this soil bacterium is exposed (18) . In combination with biochemical data, the structures reported here provide valuable insights into the general mechanism of the oxidative coupling reactions of phenols in P450s. 
